Two maize genes with predicted translational similarity to the Arabidopsis FIE (Fertilization-Independent Endosperm) protein, a repressor of endosperm development in the absence of fertilization, were cloned and analyzed. Genomic sequences of fie1 and fie2 show significant homology within coding regions but none within introns or 5 upstream. The fie1 gene is expressed exclusively in the endosperm of developing kernels starting at ‫ف‬ 6 days after pollination. fie1 is an imprinted gene showing no detectable expression of the paternally derived fie1 allele during kernel development. Conversely, fie2 is expressed in the embryo sac before pollination. After pollination, its expression persists, predominantly in the embryo and at lower levels in the endosperm. The paternal fie2 allele is not expressed early in kernel development, but its transcription is activated at 5 days after pollination. fie2 is likely to be a functional ortholog of the Arabidopsis FIE gene, whereas fie1 has evolved a distinct function. The maize FIE2 and sorghum FIE proteins form a monophyletic group, sharing a closer relationship to each other than to the FIE1 protein, suggesting that maize fie genes originated from two different ancestral genomes.
INTRODUCTION
The transition from quiescent ovule to proliferating zygote occurs after fertilization, which initiates seed development. In flowering plants, the ovule contains the female gametophyte that is composed of the egg and the central, synergid, and antipodal cells (Reiser and Fischer, 1993) . Double fertilization stimulates the egg to develop into a diploid embryo and the central cell to develop into a triploid endosperm. In sexually reproducing plants, the embryo sac never develops into a seed without fertilization. However, in asexually reproducing apomictic plants, the egg cell develops parthenogenetically without fertilization to produce the embryo. In many species, termed nonautonomous apomicts, endosperm development still requires fertilization (Grimanelli et al., 2001; Koltunow, 2001 ). Significant progress toward understanding the genetic control of precocious seed development has been made in Arabidopsis. A number of mutants were isolated that uncouple seed development from fertilization and promote endosperm proliferation in the absence of fertilization. These mutants formed seed-like structures that were without embryos (Ohad et al., 1996; Chaudhury et al., 1997) .
Three genes were identified that prevent fertilizationindependent seed ( FIS ) development: FIS1/MEDEA , FIS2 , and FIS3/FIE (Grossniklaus et al., 1998; Luo et al., 1999; Ohad et al., 1999) . All three genes encode proteins related to Drosophila Polycomb group proteins, which are evolutionarily conserved and are considered to be transcriptional repressors in animals (Ng et al., 1997; Pirrotta, 1998) . FIS1/ MEDEA is related to the Polycomb group protein Enhancer of zeste (Grossniklaus et al., 1998; Luo et al., 1999) , FIS2 is a C 2 H 2 zinc finger protein with similarity to the Polycomb group protein Suppressor of zeste , and FIS3/FIE is a homolog of the Polycomb protein ESC (Extra Sex Combs) (Ohad et al., 1999) . ESC proteins belong to a family of WD-repeat proteins that promote protein-protein interaction in various multiprotein complexes (Sondek et al., 1996; Ng et al., 1997) . Animal Polycomb protein complexes might repress transcription of their target genes by remodeling chromatin into a condensed inactive state (van der Vlag and Otte, 1999; Tie et al., 2001) . In a similar manner, plant FIS complexes are thought to repress endospermpromoting genes in the central cell of the embryo sac by chromatin-mediated silencing (Luo et al., 2000; Spillane et al., 2000) . The target genes of the FIS complexes are not known, but they are likely to be key players in initiating developmental programs in the zygote.
Additionally, the FIS genes play a role in postfertilization seed development. They continue to be expressed in the embryo and endosperm after fertilization and may be involved in multiple aspects of seed development. As global negative regulators of transcription, the FIS/Polycomb complexes may control different pathways through the silencing of key genes. FIS genes appear to control the establishment of the anterior-posterior polar axis in the endosperm (Sorensen et al., 2001) . The FIE gene is involved in one more pathway: the repression of floral homeotic gene transcription during embryo and seedling development (Kinoshita et al., 2001 ). These results suggest that the FIE protein, encoded by a single-copy gene in the Arabidopsis genome, may form distinct complexes in different plant tissues and help to repress several developmental programs.
FIE , FIS2 , and MEDEA display nonequivalent expression of maternally and paternally transmitted alleles, a hallmark of genomic imprinting (Kinoshita et al., 1999; Luo et al., 2000; Grossniklaus et al., 2001) . The maternal FIS alleles are essential, whereas the paternal FIS allele plays little or no role in seed development (Luo et al., 2000; Yadegari et al., 2000) . Maternal control of seed development is a complex interaction between genetic and epigenetic factors that is not yet understood completely (Haig and Westoby, 1989; Vinkenoog et al., 2000; Chaudhury and Berger, 2001; Vinkenoog and Scott, 2001) .
Evolutionary conservation of the Polycomb proteins in plant and animal embryogenesis justifies a candidate gene approach using Arabidopsis as a model to identify homologous genes and pathways in cereal crops such as maize. In a previous study, we showed that of the three putative FIS proteins in Arabidopsis, FIS3/FIE had the highest level of translational similarity to several maize ESTs in the PHI/DuPont maize EST database (Pioneer Hi-Bred International). Sequence analysis revealed that there are transcripts of two maize genes, fie1 and fie2 (described previously as ZmFie1 and ZmFie2 ) (Springer et al., 2002) . The presence of two fie genes in the maize genome raises questions regarding their evolution and functional specialization. To address these questions, we have performed sequence analysis of genomic copies of both maize fie genes and investigated their expression patterns in ovules before and after fertilization. We found that fie1 and fie2 show a significant level of homology at the nucleotide level only between their exons, with no homology between their introns or 5 Ј regulatory sequences. Predictably, fie1 and fie2 display different expression patterns. With respect to imprinting, the genes show marked differences. The fie1 paternal allele is silenced permanently, whereas the fie2 paternal allele is not expressed early in kernel development but attains full expression at 10 days after pollination (DAP). Phylogenetic analysis of several plant FIE proteins shows that sorghum and maize FIE2 proteins are more related to each other than to the FIE1 protein.
RESULTS

Genomic Structure of fie Loci
To determine the genomic structure of the two maize fie genes, their genomic DNAs were cloned using previously identified ESTs (Springer et al., 2002) . A BAC library constructed from the public inbred line Mo17 was screened with gene-specific probes made from the 3 Ј untranslated region (UTR) of fie1 and fie2 (see Methods). Genomic fragments of ‫ف‬ 12 kb from each fie gene were subcloned and sequenced. The intron-exon structure for each locus was determined by aligning the genomic sequences with their corresponding cDNA sequences ( Figures 1A and 1B) .
The coding regions of both fie genes are composed of 13 exons ranging in length from 65 to 125 bp that are identical in size to each other and to the Arabidopsis FIE gene except for the first and last exons, where the initiation and termination of transcription occurs. The fie exonic sequences show 78% homology with each other. The coding sequences are interrupted by 12 introns, which vary in length from 63 to 1124 bp and show no detectable sequence similarity. fie1 has an additional 384-bp intron located in the 5 Ј UTR, just six nucleotides upstream of the ATG codon.
The putative promoter region of fie1 may be positioned in a 780-bp segment between the RNA transcription start ( Ϫ 550) and the long terminal repeat ( Ϫ 1330) of a RIRE retrotransposon. A 3.4-kb genomic fragment farther upstream ( Ϫ 1330 to Ϫ 4711) is composed of several types of scrambled retrotransposons and MITE elements that have homology with genomic sequences at the bz2 locus (Fu et al., 2001) .
The 5 Ј region of fie2 has a complex structure. A dot-plot alignment of the 6-kb sequence between the fie2 transcription start site and the first MILT retroelement has revealed a complex pattern of repeats (Figures 1B and 1C) . Sequences between Ϫ 1161 and Ϫ 3479 consist of three types of repeats, named A, B, and C. These repeats form a 2.6-kb structure with the following symmetry: A1-B1-C1-B2-A2. The B3 and C2 repeats are positioned again at Ϫ 5328 to Ϫ 6077, forming another cluster. Repeats A1-A2 are 550 bp long and share 95% homology, B1-B2-B3 are 350 bp long with 94% homology, and C1-C2 are 420 bp long with 93% homology ( Figure 1C ). These repeats do not share any homology or features with any other known repetitive or transposable elements, as judged by a Basic Local Alignment Search Tool (BLAST) search of GenBank. These repeats are organized in a unique configuration that may be a potential cis -regulating element of fie2 . We estimate the putative basal fie2 promoter to be ‫ف‬ 768 bp if framed between Ϫ 393 and Ϫ 1162. This marks the transcription start site of the longest EST identified to date and the beginning of repeat A1.
Expression of fie Genes in Developing Kernels
Preliminary data (Springer et al., 2002) indicated that fie1 and fie 2 have different patterns of expression. fie1 mRNA was detected only in developing kernels, whereas fie2 expression was found in kernels and vegetative tissues. In this study, we applied different techniques, namely RNA gel blot analysis, gene expression analysis by massively parallel sig- Genomic segments (12 kb) of fie1 (chromosome 4, bin 4.05) (A) and fie2 (chromosome 10, bin 10.03) (B) are shown. Genes were mapped previously (Springer et al., 2002) . The predicted start and stop codons of the fie coding regions are indicated by ATG and TGA, respectively. Positions of nucleotides are relative to the translation start codon ATG (ϩ1). The putative transcription and translation start sites are shown as bent arrows; exons are shown as tall vertical boxes, UTRs as shorter boxes, and introns as thick dark lines. Regions that have homology with retrotransposons are stippled. The direct repeats positioned upstream of fie2 are marked by large arrows. (C) shows a sequence alignment of the A, B, and C repeats. Nucleotide identities are shaded. nature sequencing (MPSS) (Brenner et al., 2000a (Brenner et al., , 2000b , and reverse transcriptase-mediated (RT) PCR, to characterize the temporal and spatial expression patterns of both fie genes in developing kernels.
As shown on RNA gel blots (Figure 2A ), fie1 mRNA is not detected in ovules or in 3-DAP zygotes. It appears first in 6-DAP kernels, reaching maximum accumulation at 9 DAP, and declines gradually in later stages. By contrast, fie2 mRNA is detected at very low level in ovules and at all stages of kernel development (Figure 2A) .
To achieve better spatial resolution and increased sensitivity, we queried an mRNA profiling database of different maize tissues created by MPSS technology at DuPont/Pioneer. MPSS generates 17-mer sequence tags of millions of cDNA molecules, which are cloned in vitro on microbeads (Brenner et al., 2000a (Brenner et al., , 2000b . The technique provides an unprecedented depth and sensitivity of mRNA detection, including messages expressed at very low levels. The MPSS profiling database is searchable by BLAST to identify genespecific 17-mer tags. fie1 -specific tags were not found in vegetative tissues, in the male reproductive tissues (tassel and mature pollen), or in female reproductive tissues (ovules). Tags were found only in developing kernels. The distribution of the fie1 tags is shown in Figure 2B . The numbers of tags found in the endosperm and embryo are significantly different, suggesting that fie1 is expressed predominantly in the endosperm. At 8 DAP, the number of fie1 tags approaches its maximum level of ‫ف‬ 600 ppm. The number of tags declines gradually to ‫ف‬ 20 ppm at 35 DAP and becomes undetectable at kernel maturity. This trend is consis- (A) RNA gel blot analysis of mRNA isolated from ovules and kernels at 3, 6, 9, 12, and 15 DAP. A total of 3 g of poly(A) RNA was loaded in each lane. Blots were probed with 32 P-labeled 300-bp specific probes from the 3Ј UTR of fie1 or fie2 cDNA (see Methods). Probes have no homology with each other and do not cross-hybridize. The actin probe was used as a loading control. (B) Distribution of the 17-mer tags (5Ј-GATCTAGTGTGTGGCTG-3Ј) generated by MPSS from endosperm and embryo mRNAs. The vertical axis represents the frequency of tags as parts per million of molecules sequenced. The horizontal axis represents stages of kernel development starting with unfertilized ovules (point 0) and 8, 12, 21, 25, 35 , and 40 DAP. The endosperms and embryos were dissected from kernels at 12 DAP and later stages. Squares and triangles indicate tag numbers in endosperms and embryos, respectively. (C) RT-PCR of fie mRNA in the embryo and the endosperm isolated with a dissecting microscope from 16-DAP kernels. RT-PCR was performed with primers specific for fie1 or fie2. RT-PCR of ␣-tubulin cDNA was used as a positive control. tent with the results of the mRNA gel blot experiment using whole kernels ( Figure 2A ). The MPSS technology requires the presence of a DpnII (GATC) restriction site in the cDNA template. Because fie2 lacks a 3Ј DpnII site, there is no sequence tag information for fie2 in the MPSS database.
To further investigate fie expression in the embryo and endosperm, those tissues were dissected from 16-DAP kernels with precautions taken to avoid tissue cross-contamination. RT-PCR with gene-specific primers clearly demonstrates that fie1 is expressed exclusively in the endosperm, whereas fie2 is expressed predominantly in the embryo with lower levels of expression in the endosperm ( Figure 2C ). Thus, the two fie genes are expressed differentially in the embryo and endosperm of developing kernels.
In Situ Localization of fie2 Transcripts in Ovules and Developing Kernels
To localize fie2 expression within reproductive tissues, we performed RNA in situ hybridization. fie2 antisense probes gave a signal in the embryo sac of the mature ovules at silking ( Figure 3A) . No signal was detected in sporophytic tissues (i.e., the nucellus and pericarp), suggesting that fie2 is expressed specifically in the embryo sac. In kernels at 5 DAP ( Figure 3B ), an intense signal is apparent in the embryo, in the embryo-surrounding region, and on the periphery of the developing endosperm. At later stages, the signal persists in the embryo but is masked in the endosperm by starch grains that tend to show a reddish background (Figures 3C and 3D) . By 15 DAP, the embryo is well developed and the vegetative apex, leaves, embryonic axis, coleoptiles, and radicle can be distinguished. There is a signal in all of these organs, but not in the scutellum ( Figure 3C ). The in situ hybridization results are consistent with our RNA gel blot and RT-PCR findings with the dissected embryo and endosperm. The results indicate that fie2 is expressed in ovules before pollination and in developing kernels after fertilization, predominantly in the embryo.
Pattern of Maternal and Paternal fie Allele Expression during Kernel Development
The Arabidopsis FIE gene demonstrates a parent-of-origin effect on seed development, suggesting that only the maternal FIE allele is essential and the paternal FIE allele plays little or no role in seed development (Luo et al., 2000; Yadegari et al., 2000) . To understand whether the maize fie homologs are regulated in a similar manner, paternal and maternal fie mRNA levels were measured in developing kernels. To distinguish between maternal and paternal fie mRNAs, insertion/deletion sequence polymorphisms were identified for both fie1 and fie2 in the inbred lines Mo17 and B73.
The fie1 Mo17 allele differs from the B73 allele by a 12-bp deletion located 96 bp upstream of the TGA stop codon. This deletion should remove four amino acids at the C-terminal end of the FIE1 protein in Mo17. Reverse and forward primers were designed around this insertion/deletion to produce a 300-bp RT-PCR product. Kernels were collected at 2, 5, 10, 15, and 16 DAP from plants of reciprocal crosses between B73 and Mo17 inbred lines. RT-PCR was performed, and fragments were separated on denaturing HPLC columns using the WAVE system (Transgenomics, Omaha, NE). The results for 15-DAP kernels from the reciprocal crosses are shown in Figures 4A and 4B . No expression of Longitudinal sections of ovules and kernels at 5 and 15 DAP (inbred line B73) were hybridized with fie2 sense and antisense RNA probes. Signal is brownish red. The sense fie2 RNA probe, which was used as a negative control, did not reveal any signal (data not shown). the fie1 paternal allele is detected; only the maternal fie1 RNA is found. The results are the same for all of the developmental stages from 2 to 15 DAP (results for early stages are not shown). This experiment demonstrates transcriptional silencing of the paternal fie1 allele, which suggests that the fie1 gene is regulated by imprinting. A control experiment for biallelic gene expression was performed with the same RNA samples. RT-PCR was performed with primers designed around a B73/Mo17 insertion/deletion in a novel gene. The expression of both paternal and maternal alleles was detected in 15-DAP kernels ( Figure 4C ).
To determine whether imprinting of fie1 is specific to only the B73 and Mo17 alleles or if it reflects a general regulation of this locus, we performed the same set of experiments using SSS1 and NSS1, two Pioneer inbred lines. Paternally derived fie1 alleles are silenced in these backgrounds as well (data not shown). Thus, the ability of fie1 to undergo imprinting is a property of the fie1 locus itself and not the property of a specific allele.
To investigate whether fie2 paternal and maternal allele expression differences exist, we exploited the fact that the fie2 B73 genomic sequence contains a 185-bp MITE insertion in the 3Ј UTR that is not present in the Mo17 allele (Figure 5A ). The insertion is flanked by 13-bp inverted repeats and a 5-bp direct target duplication ( Figure 5B ) similar to Tourist-like MITE elements (Wessler, 2001 ). The B73 fie2 poly(A) transcripts terminate in the middle of the MITE insertion. However, the Mo17 fie2 poly(A) transcripts terminate within the genomic sequence downstream of the MITE insertion site. The MITE sequence was used to design allelespecific primers to distinguish between B73 and Mo17 fie2 mRNAs ( Figure 5A ).
The primer combinations are allele specific, as shown by RT-PCR of RNA isolated from both the ovules and the whole kernels of self-pollinated inbred plants ( Figure 5C ). fie2 maternal allele expression was detected at all stages in both reciprocal crosses. The maternally derived RT-PCR product shows increased intensity compared with ovules, suggesting de novo transcription of the maternal gene as early as 2 DAP. A similar pattern of expression also is seen in reciprocal crosses. The paternally derived RT-PCR product appears faintly in 5-DAP kernels but increases in intensity in 10-and 15-DAP kernels. Thus, the fie2 paternal allele shows delayed activation but not complete silencing. Delayed expression of the paternal allele also has been shown with reporter constructs for the Arabidopsis FIE (Luo et al., 2000; Yadegari et al., 2000) .
The CG Composition of the fie Genes in Relation to Imprinting
Differential CpG methylation has been shown to be a key molecular mechanism of imprinting in mammals (Wutz et al., 1997; Thorvaldsen et al., 1998; Reik and Walter, 2001 ). Recently, a two-island rule was proposed for genes regulated Graphs represent the size-dependent separation of RT-PCR amplification products by the WAVE denaturing HPLC system. Larger fragments are retained longer on the DNASEP cartridges, resulting in an accurate quantitative separation of fragments from a complex mixture. Total RNA was isolated from 15-DAP kernels from Mo17 ϫ B73 reciprocal crosses. Unfertilized ovules and 11-DAP kernels from self-pollinated plants were sampled from both inbred lines as controls. Total RNA was extracted from whole kernels, and RT-PCR was performed with primers positioned around a 12-bp deletion in the 3Ј UTR of the Mo17 allele. by imprinting (Onyango et al., 2000) . According to this rule, the presence of two or more CpG islands is associated with imprinted genes, whereas the presence of one CpG island or none is associated with nonimprinted genes. CpG islands are defined as sequences of ‫002ف‬ bp with a GC content of Ͼ50% and an observed-to-expected CpG content of Ͼ60% (Gardiner-Garden and Frommer, 1987) . We have computed the occurrence of CpG islands along the fie genomic sequences using the newcpgreport program available with the EMBOSS suite.
This analysis revealed three CpG islands within the fie1 locus. Two CpG islands are located within the fie1 region and one island is located in a retrotransposon segment between Ϫ2968 and Ϫ3219 (Figure 6, top) . The first CpG island is 252 bp long and is positioned between ϩ87 and ϩ374, just downstream of the ATG codon (Figure 6, top) . The second CpG island is 572 bp long and is positioned at the 3Ј end of the gene, between ϩ4315 and ϩ4886, covering the last two introns and exons (Figure 6, top) . Only one CpG island is present in the fie2 locus, between Ϫ231 and ϩ88, near the ATG codon (Figure 6, bottom) . fie CpG island distribution is consistent with the two-island rule for imprinted genes in mammals.
Phylogenetic Analysis of Plant and Animal FIE/ESC Proteins
To gain insight into the evolutionary relationship between the maize fie genes, we performed phylogenetic analysis on FIE proteins from various plant species. Only Arabidopsis and maize FIE proteins are currently available in GenBank. Therefore, we identified FIE orthologs from four and five additional monocot and dicot species, respectively (Table 1) , by searching the public EST databases using TBLASTX (Altschul et al., 1997) . The FIE proteins belong to the WD Polycomb group proteins, which include the Drosophila ESC (Ng et al., 1997) , the mouse Embryonic Ectoderm Development (EED) (Denisenko and Bomsztyk, 1997) , the human WAIT (Rietzler et al., 1998) , and the nematode MES6 (Korf et al., 1998) proteins. These also were included in the analysis. Three GBB (Guanine Nucleotide Binding Protein ␤-Subunit 2) WD-motif proteins (Sondek et al., 1996) were used as an outgroup.
The neighbor-joining tree inferred using a distance matrix of a mean number of pair-wise character differences was topologically similar to the most parsimonious tree (Figure 7) , with minor branch length differences. Phylogenetic trees reconstructed by the maximum-likelihood method also were topologically congruent to those constructed with the maximum-parsimony and neighbor-joining methods (data not shown).
The phylogenetic tree clearly delimits four major clades that correspond to mammals, insects, monocots, and dicots, with the exception of Caenorhabditis elegans MES6 and Arabidopsis FIE proteins. Those proteins show a paraphyletic relationship to the other metazoan and dicot proteins, respectively. Both nodes were supported by high bootstrap and jackknife values (Figure 7) . However, maximum-likelihood analysis indicated that the Arabidopsis FIE protein is monophyletic to the other dicot species (data not (A) fie2 Mo17 and B73 alleles are polymorphic as a result of a MITE insertion in the 3Ј UTR in B73. Positions of a common forward primer (F) in exon 11 and genotype-specific reverse primers (R) in the 3Ј UTR are indicated by arrows. (B) DNA sequence of the 185-bp MITE insertion into the 3Ј UTR of the fie2 B73 allele. The target-site duplications are boxed, and arrows mark the 13-bp terminal inverted repeats. (C) Detection of maternal and paternal allele expression in developing kernels from reciprocal crosses. Reciprocal crosses between B73 and Mo17 were performed, and kernels were collected at 2, 5, 10, and 15 DAP. Total RNAs were isolated from whole kernels, including pericarp, and amplified by RT-PCR with the primers shown in (A). Ovules and 11-DAP selfed kernels were used as controls for primer specificity. ␣-Tubulin RT-PCR was used as a loading control.
shown). Maize FIE2 and sorghum FIE proteins formed a monophyletic group by all of the methods used, strongly suggesting a closer relationship between them than between either one and the maize FIE1 protein.
DISCUSSION
Duplicated Maize fie Genes Arise from Different Ancestors
The presence of two types of fie genes in the maize genome raises questions about their origin, evolution, and functional specialization. Both genes share significant homology over their coding regions, and they have the same number of exons, all of which are identical in size except for the first and the last. However, the introns vary significantly in length and share no homology between fie1 and fie2 (Figure 1) . The intron sequences are as variable between fie1 and fie2 as between both maize genes and the Arabidopsis FIE gene. The observation that the noncoding regions of the two maize fie genes diverged significantly is consistent with the idea that they evolved independently in two ancestral diploid species before the formation of the modern maize genome. This is in agreement with their locations on chromosome 4 (bin 4.05) for fie1 and on chromosome 10 (bin 10.03) for fie2, which are duplicated segments of the maize genome (Helentjaris, 1995) . Recently duplicated genes often have similar exon/ intron structures and retain significant (Ͼ90%) sequence similarity between their introns, as has been shown for the duplicated maize p1 and p2 genes (Zhang et al., 2000) . The upstream regions of the maize fie genes are completely different, which is consistent with their distinct expression patterns and distinct modes of regulation. Rapid evolution of regulatory sequences may play a predominant role in plant evolution (Doebley and Lukens, 1998) . This process usually leads to the functional specialization of duplicated genes.
To understand the evolutionary relationship between the two maize FIE proteins and their relationship to other plant FIE proteins, we performed a phylogenetic analysis of FIE proteins from 11 plant species. The results demonstrate that sorghum FIE and maize FIE2 are more related to each other than to maize FIE1 (Figure 7 ). This may be explained by the allotetraploid nature of maize, in which the donor genome that contained the fie2 gene was more closely related to the sorghum genome. This argument is consistent with the hypothesis of Gaut and Doebley (1997) that one of the two ancestral maize genomes shares a more recent common ancestor with sorghum.
fie Genes Are Expressed Differentially Duplicated genes often have very different evolutionary fates. Redundant function is evolutionarily unstable; duplicated genes either diverge functionally or one of the versions may be lost (Theißen, 2002) . The differential expression pattern of the maize fie genes suggests that they have nonredundant functions that became specialized during maize evolution.
As has been shown previously, fie1 expression is limited to developing kernels, whereas fie2 is expressed throughout development in various plant tissues (Springer et al., 2002) . The spatial and temporal patterns of fie expression in developing kernels have been studied by several methods and have revealed significant differences between the transcriptional activities of the two genes. fie1 RNA shows an inducible pattern of expression in kernels with a maximum accu- Peaks represent the number of CG dinucleotides per 100 nucleotides. Start and stop codons are indicated by ATG and TGA, respectively. CpG islands are marked by closed rectangles. mulation at ‫9ف‬ DAP, whereas fie2 RNA is detected at a relatively constant, low level in kernels at all stages examined. Moreover, the fie genes show different levels of expression in the embryo and endosperm. fie1 is active exclusively in the endosperm, as was shown by MPSS RNA profiling and RT-PCR of RNA isolated from the embryo and endosperm. Unlike fie1, fie2 transcripts are detected by RT-PCR and in situ hybridization predominantly in the embryo and at lower levels in the endosperm. In situ hybridization is not sensitive enough to detect fie2 transcripts in the endosperm at 15 DAP, whereas the embryo-specific expression is seen very clearly within the embryonic axis, vegetative apex, leaves, coleoptiles, and radicle but not in the scutellum.
As putative repressors of endosperm development before fertilization, fie genes should be expressed in ovules. However, fie1 mRNA is not detected in ovules by RNA gel blot analysis or by MPSS profiling (Figure 2 ). The high sensitivity of MPSS provides strong evidence for the absence of expression of fie1 in ovules before pollination. On the other hand, fie2 RNA is detected in ovules by RNA gel blot analysis and localized by in situ hybridization within the embryo sac (Figure 3 ). Of the two maize FIE proteins, only FIE2 is a plausible candidate for a repressor of endosperm development before fertilization, the function performed by the Arabidopsis FIE protein. Of course, loss-of-function mutants are required to substantiate this hypothesis. The Arabidopsis FIE gene is expressed in both reproductive and vegetative tissues (Ohad et al., 1999; Luo et al., 2000) . Loss-of-functions alleles of Arabidopsis FIE produce pleiotropic phenotypes, including initiation of endosperm development without fertilization, embryo abortion at early stages, premature flowering by seedling shoots, and formation of flower-like structures along the roots and hypocotyls (Ohad et al., 1996 (Ohad et al., , 1999 Kinoshita et al., 2001 ). These results suggest that the FIE protein encoded by a single-copy gene in the Arabidopsis genome may form distinct complexes in different plant tissues and participate in the regulation of several developmental programs. We hypothesize that during evolution, fie2 performed a function orthologous to that of Arabidopsis FIE but the duplicated fie1 gene diverged functionally, acquiring a specialized role likely related to endosperm development. The conservation of protein structure suggests that both maize FIE proteins function as negative regulators of transcription by means of chromatin-mediated gene silencing. However, because of their distinct spatial and temporal patterns of expression, they might regulate different pathways. The Branch and Bound algorithm of the PAUP program found a single most parsimonious tree with a total length of 1913 steps. The numbers shown above and below the branches indicate the percentage of times a monophyletic group occurred among 500 bootstrap and jackknife replicates, respectively. Lengths of branches are proportional to the number of inferred amino acid substitutions. Species and protein names and accession numbers are listed in Table 1. fie Genes Show Different Parent-of-Origin Effects A prominent feature of the Arabidopsis FIS genes is their parent-of-origin effect on seed development. The wild-type paternal alleles do not rescue maternally derived fis mutant alleles. This effect was explained by partial (FIE and MEDEA) or complete (FIS2) silencing of paternally derived alleles (Ohad et al., 1996; Grossniklaus et al., 1998; Kinoshita et al., 1999; Vielle-Calzada et al., 1999; Luo et al., 2000; Yadegari et al., 2000) .
To investigate a parent-of-origin effect on maize fie gene expression, we conducted several experiments to monitor the accumulation of the paternal and maternal fie RNAs in developing kernels. The fie1 paternal allele shows imprinting with no expression of the paternal allele detected at any developmental stage tested (Figure 4 ). This is similar to findings in the Arabidopsis FIS2 gene (Luo et al., 2000) . Although FIE1 and FIS2 are different types of proteins, their genes have in common endosperm-specific expression. A FIS2-␤-glucuronidase fusion construct shows activity only in the endosperm during all stages of seed development (Luo et al., 2000) . fie1 also is expressed only in the endosperm. This finding is consistent with observations that imprinted genes are expressed primarily in the endosperm rather than in the embryo (Haig and Westoby, 1989; Alleman and Doctor, 2000) .
Conversely, the paternal fie2 allele is silenced only early in kernel development, with expression after 5 DAP. The delayed expression of paternal alleles is characteristic of the Arabidopsis MEDEA and FIE genes (Kinoshita et al., 1999; Vielle-Calzada et al., 1999; Luo et al., 2000) . Genes that are expressed in both embryo and endosperm, such as FIE, MEDEA, and fie2, show only partial silencing of the paternal alleles early in development (Ohad et al., 1996; Chaudhury et al., 1998; Grossniklaus et al., 1998 Grossniklaus et al., , 2001 Kinoshita et al., 1999) . Later in development, silencing breaks down and both alleles are expressed equally in the vegetative tissues of mature plants. Alternatively, the delayed expression of paternal alleles may be explained by delayed activation of the entire paternal genome after fertilization (Vielle-Calzada and Grossniklaus, 2000) . If this is the case, this trend should apply to any gene transmitted paternally. To discriminate between these alternative hypotheses, the parent-of-origin expression of many genes will need to be studied.
The expression pattern of fie2 parallels the expression pattern of Arabidopsis FIE. Given the similarities in protein sequence, expression pattern, and mode of imprinting, we speculate that fie2 is the functional ortholog of the Arabidopsis FIE gene.
fie Genes Agree with the Two-Island Rule
It has been proposed that in plants, the presence of repeated sequences is a common feature of epigenetically silenced and imprinted genes (Alleman and Doctor, 2000) . We have analyzed the genomic sequences of both genes for direct and inverted repeats and have found a complex repetitive structure upstream of fie2 but none near fie1. A 2.6-kb symmetrical cluster is adjacent to the putative fie2 promoter, and another 1-kb cluster is located farther upstream ( Figure 1B ). The entire 6-kb upstream fragment shares no obvious similarity to any known transposable or repetitive DNA. These upstream repeats might constitute a cis-acting element that controls the transcription of fie2. Hypothetical proteins might be involved in binding to these repeats to activate or repress gene expression. These complexes might temporarily associate with the upstream sequence early but dissociate later during kernel development, allowing activation of the paternally transmitted allele.
The genomic sequence of the fie1 locus shows no repetitive structures. A special feature of the fie1 gene is a 290-bp intron positioned in the 5Ј UTR. There are many examples of maize genes with introns in the 5Ј UTR (Shaw et al., 1994) but no indications of their involvement in genomic imprinting. The first exon and intron very often are required for the high-level expression of transgenes that may be the result of the increased level or stability of the mature cytoplasmic mRNA (Kim and Guiltinan, 1999) . It is likely that the 5Ј UTR intron of fie1 plays a role in mRNA stability or in determining tissue-specific expression.
As a way to find "imprint" marks, we analyzed the distribution of CpG islands in the genomic sequences of the fie genes. It was proposed that CpG islands might be common elements in mammalian imprinted genes (Wutz et al., 1997) . Comparative analysis of the mouse and human 1-Mb imprinted domain revealed a two-island rule for imprinted genes (Onyango et al., 2000) . Imprinted genes show two or more conserved CpG islands upstream or within the gene, whereas nonimprinted genes have at most one CpG island. CpG islands normally are unmethylated and associated with actively transcribed genes (Ponger et al., 2001 ), but allelespecific methylation of CpG islands marks genes for silencing in mammals (Wutz et al., 1997) . Computation of CpG islands within fie1 and fie2 genomic sequences revealed two CpG islands in fie1 and one CpG island in fie2 (Figure 6 ). This observation is in remarkable agreement with the twoisland rule for mammals proposed by Onyango et al. (2000) . The fie1 gene, in which the paternal allele is silenced permanently during all stages of kernel development, contains two CpG islands. fie2, in which the paternal allele is only delayed in expression, contains one CpG island. We speculate that CpG islands might be imprint marks for fie1.
METHODS
Gene-Specific Probes
To discriminate between maize (Zea mays) fie1 and fie2 during hybridization experiments, gene-specific probes were made by PCR of the cDNA 3Ј untranslated regions (UTRs). Primers 5Ј-CTGCTTCCA-GCTCCAAAC-3Ј and 5Ј-TTATTCATCTCATCCACGGTG-3Ј amplify a 287-bp fragment from nucleotides 1466 to 1753 of the fie1 cDNA. Primers 5Ј-ATCCGAGCTCCAGAAACTGA-3Ј and 5Ј-ATGATTTAA-CGTTATCTGTTACCCA-3Ј amplify a 270-bp fragment from nucleotides 1320 to 1590 of the B73 fie2 cDNA.
Cloning and Sequencing of fie Genomic Fragments
The Mo17 BAC genomic library was screened with full-length fie1 and fie2 cDNAs. Five BAC clones for each gene were identified and confirmed by DNA gel blot hybridization with gene-specific probes. HindIII and EcoRI BAC fragments were subcloned into pBluescript II KSϩ (Stratagene) and hybridized with fie-specific probes, and positive clones were submitted for sequencing.
DNA Sequence Analysis
DNA assembly was performed using the Sequencher program (Gene Code Corp., Ann Arbor, MI). Sequence and dot plot analyses were performed with GCG programs (Genetics Computer Group, Madison, WI). The CpG islands were computed using the newcpgreport program, which is part of the EMBOSS suite (ftp://ftp.ebi.ac.uk/pub/ databases/cpgisle/).
Phylogenetic Analysis
Putative plant FIE proteins were deduced from ESTs identified by TBLASTX (Altschul et al., 1997) in GenBank (Table 1) . Animal WD Polycomb proteins included in the analysis are shown in Table 1 . Three GBB (Guanine Nucleotide Binding Protein ␤-Subunit 2) WDmotif proteins (Sondek et al., 1996) were used as an outgroup in the analysis. Protein sequences were aligned using the CLUSTAL W program (Thompson et al., 1994) . Phylogenetic analysis was performed using parsimony and neighbor-joining methods implemented with the PAUP program (Swofford, 1998) . Bootstrap (Felsenstein, 1985) and jackknife (Wu, 1986) resampling analyses with 500 replicates were performed to assess the degree of support for each branch on the phylogenetic tree. Maximum-likelihood analysis also was performed using the proMLK algorithm of the PHYLIP package (Phylogeny Inference Package, version 3.6a2.1; http://evolution.genetics. washington.edu/phylip.html) by J. Felsenstein.
RNA Gel Blot Analysis
Total RNA was extracted from 1 g of material using a hot-phenol extraction procedure and selective precipitation with 4 M LiCl to remove traces of DNA and small RNA species (Verwoerd et al., 1989; Brugière et al., 1999) . For each time point, kernels were collected from two ears harvested from two different plants (replications) from either the B73 or the Mo17 inbred line. RNA was quantified using a spectrophotometer (Beckman Instruments, Fullerton, CA) at 260 nm. Poly(A) was prepared from total RNA (400 g) using the Oligotex poly(A) purification kit (Qiagen, Valencia, CA). Electrophoretic separation was performed on 1.5% agarose gels containing 5% (v/v) of a solution of 37% formaldehyde in 3-(N-morpholino)-propanesulfonic acid buffer [0.02 M 3-(N-morpholino)-propanesulfonic acid, pH 7.0, 5 mM sodium acetate, and 1 mM EDTA]. Gels were blotted to nylon membranes (Roche Molecular Biochemicals, Mannheim, Germany) using the TurboBlotter (Schleicher & Schuell, Keene, NH), with 20 ϫ SSC (1 ϫ SSC is 150 mM NaCl and 15 mM sodium citrate) as the transfer buffer. Blots were probed with 32 P-labeled PCR fragments of fie1 or fie2 cut from the 3Ј UTRs of the appropriate EST clones. Probe sequences share no homology, which avoids cross-hybridization.
Distinguishing fie mRNAs in Reciprocal Crosses
Reciprocal crosses between B73 and Mo17 inbred lines were made, and F1 kernels were sampled at 2, 5, 10, and 15 days after pollination. Total RNA was isolated using the Purescript RNA Isolation Kit (catalog number R-5000A) from Gentra Systems (Minneapolis, MN). cDNA synthesis was performed with the Superscript First-Strand Synthesis System (catalog number 11904-018) from Invitrogen. PCR was performed with Pwo DNA polymerase (catalog number 1,644,947) from Roche Molecular Biochemicals. Primers used to amplify fie1 cDNA were 5Ј-AGGCGAGATCTATGTCTGGGAAGTGCA-GTC-3Ј and 5Ј-CAACCAGCACGGAGTACGATCGATGTGAA-3Ј. The product was 300 bp, and the B73 allele differed from the Mo17 allele by a 12-bp deletion. Primers designed to amplify fie2 were based on the MITE insertion in the B73 allele. The forward primer (5Ј-CGTGAAGGCAAAATCTACGTGTGG-3Ј), positioned in the 11th exon, is common to both genotypes. In B73, fie2 poly(A) transcripts terminate in the middle of the MITE insertion that became part of the 3Ј UTR. The B73-specific reverse primer is 5Ј-CATTACGTTACA-AATATGTGAACCAAACG-3Ј and is designed for the MITE sequence. The Mo17-specific reverse primer is 5Ј-CAGAACAAACAGATG-ACAACGGTTCCCAAAG-3Ј and is designed for the 3Ј UTR of cDNA that has no homology with MITE sequences. PCR fragments were separated on 1% agarose gels. This primer combination allows the monitoring of parental allele expression in reciprocal crosses. Primers for the biallelic expressed gene were 5Ј-GGGACGAAG-ATAAAACG-3Ј and 5Ј-GCCAAACAACATTTTGTATAT-3Ј. ␣-Tubulin primers were 5Ј-AGCCCGATGGCACCATGCCCAGTGATACCT-3Ј and 5Ј-AACACCAAGAATCCCTGCAGCCCAGTGC-3Ј.
In Situ Hybridization
In situ hybridization was performed using the protocol of Jackson (1991) modified according to Bradley et al. (1993) . Sense and antisense mRNA probes of 300 bp corresponding to the 3Ј UTR of the fie2 gene were labeled nonisotopically with digoxigenin-UTP by in vitro transcription with T7 and T3 RNA polymerases (Roche Molecular Biochemicals). Probes were hybridized to fixed sections of maize tissue from ovules at silking and kernels at 5, 8, and 12 days after pollination. After extensive washing to remove unbound probe, a signal was detected with anti-digoxigenin antibodies conjugated with alkaline phosphatase to mediate the color reaction (Roche Molecular Biochemicals). fie2 mRNAs were detected specifically with the antisense probe. The sense probe did not hybridize; therefore, it served as a negative control.
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